Spin Physics at RHIC
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— Spin Crisis and Polarized PDF
— Test of (p)QCD with Spin
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CURIOSITY & FASCINATION OF SPIN IS

UNIVERSAL!

1955 Bohr & Pauli

trying to
understand the
dynamics of a

tippy-top toy



Why spin physics?

e Spin is a fundamental degree of freedom originated
from the space-time symmetry.

e Spin plays a critical role in determining the basic
structure of fundamental interactions.

o Test of a theory is not complete without a full test of
spin-dependent decays and scattering.

e Spin provides a unique opportunity to probe the inner
structure of a composite system (such as the proton)
and hence testing our ability to understand the
working of non-perturbative QCD.
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Part I: Spin Crisis and Polarized PDF

 Key measurements from RHIC:
— Gluon polarization

AG(x)

— Flavor identified quark polarization
Au(x), Ad(x)
At (x), Ad (x)
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The 20-year Old Proton Spin Puzzle

The proton is viewed as being a "bag" of
bound quarks and gluons interacting via QCD

Spins + orbital angular momentum need
to give the observed spin 1/2 of proton

1 1

=2Aq+Lf4+A(-‘~+L;

2 v

Fairly well measured
only ~30% of spin
Beginning to be measured
at RHIC A future challenge
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Deep |Inelastic Scattering

A little Bit of History " g\ )

e DIS cross section

2
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Semi-Inclusive Deep Inelastic Scattering

(E. k)
(E, k)
e

u
d

e
@

(h)

Q" =4 = ~(k-K)

The cross section can be expressed as a convolution of a
distribution function and a fragmentation function.

o~ N DF" ' ® o* M @ FF T

g
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World Data on F,P Structure Function
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Polarized Quark and Gluon Distributions
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Spin Crisis and Gluon Polarization

e Proton Spin Puzzle:

1=£Aq+AG+AL
2 2

G+(Q

=J, +J¢

AQ =~0.3vs Aq°° = 0.6

e Asymptotic limit; Q* —< « PCAC

oy 1 _)1 3n; o a,
Jir Q)T T e, AT =Ag-N; = -AG
) - -2 10 AQ=0.6—AG ~3
JelQ)=AC+ AL = e, a

Gluons may play a significant role !
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The gluon spin distribution Ag .

Not much information until recently:

dgl Qg

—————— i y 2 .
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RHIC-Spin Physics

New Frontier of Nucleon Structure Research

* Proton Spin - a major puzzle from polarized DIS experiments
— Proton Spin Decomposition

%=%A2+AG +AL,,,

Experimentally =>

e Origin of Proton Spin:

— gluon, sea quarks, orbital angular momentum ?

A =0.31+0.04

Deep Inelastic Scattering

in Parton Model

Z Lepton l

06/01/95 T 1.

— DIS can’t directly probe gluons and anti-quarks @LO

e anew tool : RHIC-SPIN

— apolarized proton collider
— quark-gluon, quark-quark and gluon-gluon interactions
— directly explore gluon and sea quark distributions
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=8 The Relativistic Heavy lon Collider

il
; \ at Brookhaven National Laboratory
R-HI
New state of matter
QGP

De-confinement

polarized proton
Nucleon Spin Structure
Spin Fragmentation

pQCD

8 RHIC is a QCD lab
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The PHENIX detector ™"

2008 PHENIX Detector

_PC3 Central
_pC2 Magnet

Philosophy:

High rate capability to measure rare probes,

limited acceptance.

« 2 central spectrometers

— Track charged particles and detect
electromagnetic processes

s

TOF

e 2 forward muon spectrometers West Beam View East

— ldentify and track muons T %
Y 1 Central Magnet W
% \\)é\
_0047 &3‘ :
%.)"“f S/

« 2 forward calorimeters (as of 2007!) = wmec |
BB
_I_/g ;\L ZDC North
| ] RxNP l-

— Measure forward pions
i | MuID‘

South Side View North

ZDC South
=

MulD
MuTr I

* Relative Luminosity |
— Beam-Beam Counter (BBC)
— Zero-Degree Calorimeter (ZDC)

06/2008 Ming Xiong Liu 14



The STAR Detectors

STAR Detector

Silicon Uertex
Coils Magnet

E-M
Calorimeter

Time Projection
Chamber

Time 0f
Flight

Electronics
Platforms

Forward Time Projection Chamber

Barrel
Electromagnetic

(EMC)

Time Projection Chamber |n|<1.6 = Déﬂbm‘ -

Calorimeter

B] Solenoid Magnet
LOO0O000

Forward TPC 2.5<|n|<4.0 =
Silicon Vertex Tracker Inl<1
magnet
Barrel EMC Inl<1 otaip "
Endcap EMC 1.0<n <2.0
Forward Pion Detector 3.3<|n|<4.1 ———
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RHIC pp Accelerator Complex

absolute pH RHIC pC "CNI®
olarimeters
polarimeter \ / P RALIS
PHOBOS.__ _&PP2PP
: : s
Siberian RH 1IC p
Snakes ~ @LTIENIX STAR 8
X ,@ — Sibbrian Snakes
Spin Rotators =
5% Snake
Pol. Proton Sw’ @ AGS pC “CNI” polarimeter
200 MeV polarimeter 20% Snake Rf Dipoles \/E =50-500 GeV
Pol.="70%
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Exquisite Control of Systematics

Raw asymmetries from carbon polarimeter by bunch:

o RUN 7280.008 (BLUE)
§‘ .
8 0.01
<
2 0
o
& -0.01
- C

.0.02 C | | | | | |

0 10 20 30 40 50 60 70 80 90 100 110 120
. bunch crossing 17
X90 left - right




Experimental Observables

 Asymmetries

— PHENIX and STAR: all
— BRAHMS: transverse beams only

_ o(++)-0(+-) AT _ o(N-o(1)
ALL — T o(t)+a(tl)

o(++)+o(+-)

éi}:>v<=}= S

= - e

o (+)-0 (=) _oM-o(i)

A = o(+)+o(-) Ar = o(N)+o(l)
e e
i » -
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RHIC Spin Run History

Pol L(pb"-1) Results

2002 15% 0.15 first pol. pp collisions!

2003 30% 1.6 pi*0, photon cross section,
A_LL(pi™0)

2004 40% 3.0 absolute beam polarization
with polarized H jet

2005 50% 13 large gluon pol. ruled out
(P4 x L =0.8)

2006 60% 46 first long spin run
(P x L =6)

2007 Nno spin running

2008 50% (short) run
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What Can We Learn?

Asymmetries

3 A cd
o A0, Q)@ A (1, Q) O L

dt

E

Polarized Quark and 31 I
. . . = r A ° N / N\
Gluon Distributions - LO =P il S
e/ B\ os / \
Af (X) = fT (X) — fl, (X) o.zsf- /D/ o.zsf—/.// D \\
Af = j:Af (x)dx
Proton Structure I o
— QCD dynamics ) :':a‘_s"":a.'_a """ Tm————— :_':a.'_s """ i
cosB cosB
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An Example:

Af(x)/f(x) vs x

1
0.8
0.6
0.4
0.2

(x)/f(x)

o

GRSV01-MAX: Ag(x)/g(x)
GRSV01-STD: Ag(x)/g(x)
GRSV01-STD: Au(x)/u(x)
GRSV01-STD: Ad(x)/d(x)
Q =10.0GeV

Af

S & & S
® o » N

-
-
o
@

102
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GRSV Pol PDF

=

P )=

O,++ _O,+—

AU— = O,++ +O,+—

CAF(Y)  AT(X,)
o) © Fog)
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A G in Polarized p+p Collisions

Q)
100
+
LL z
+

DAf, ® &, @A™ L o) | )

A O,++ _O,+— et »
L= — = " _ 0¥
G++ + O+ Efa ® fb ® deafb X ® D?c ozsk B qq -u:l E gg-qq
a,b,c . C qq'»(]q' L-]i] S
0.5 F 99> qq' qq -2y
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2 ! R
The LO result for a
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Pion production and pQCD
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0.6 — —

04 —

0 5 10 15p. [GeV]

* NLO QCD Calculation Cross-sections consistent
with Data

--- CTEQ6M pdf

--- KKP and Kretzer Fragmentation Fcns
* Necessary Confirmation that pQCD can be used
successfully at RHIC to extract spin dependent
pdf's
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m A, and AG at 200 GeV

PRD 73,091102/PRL 93,202002/PRD 76,051106

0.05
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-0.01

-0.02

| TEU T

PHENIX Preliminary

«Run5 (9.4% scaling error)

= Run6 (40% scaling error)

i e
PH-  ENIX

+ GRSV-std
/

GRSV|AG = 0

Scaling errors not included

Online Polarization values
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200 GeV polarized protons - the elusive AG

Run-6 result

N T \ Global fits, DSSV arXiv:0804.0422
25~ )
i ] 3
i F xAg w/Run 6 3
20~ . - E
15:—
10"
5 AG="-G" "AGAO" "std" "AG=G"
-lll L1 1 1 | 1 1 |i/| Iill | | N | | Iill
-1 -0.5 0 0.5 1
MGy (Q@%=1 GeV?)
Run-9 sensitivity for TF - - - GRSVmax Ag | :
. 02F o GRSV min. Ag .
AG grey..q(X)/2 (i.€. total=0.2, AR
X

or 0.1 in measured region < —>
L gion) RHIC Constraint
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Seele AGS/RHIC 2008

/Tt A, and and AG at 200 GeV

Preliminary Run-05

0.15[ o m

B Preliminary Run-06

0.1 0
0.5 ://’/
R
oF :

C A g= g input
_0.05:_ 1 Ag = Zero

E GRSV -std

C Ag =-g input

-0.1—

E A, scale uncertainty of +8.3% (Run-06), £40% (Run-05) not included

015 1 | AN T N YT T T [N S T T (YT ST T AN T WO N
4 5 6 7 8 9 10

pT[GeV/c]

*FFs should pick out different
flavor mixtures -> good for
consistency

-Sensitive to the sign of gluon
polarization

06/2008 Ming Xion

‘Produced in large quantities
‘No trigger at PHENIX

-Cross section being calculated
for these p+s

Preliminary Run-05

ot

Preliminary Run-06

- ]

C A g= g input

B Ag = Zero
-0.05—

B GRSV -std

B Ag =-g input

01—

L A scale uncertainty of +8.3% (Run-06), £40% (Run-05) not included

-0.15_IIIIIIIllllllllllllllllllllll
4 5 6 7 8 9 10
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The Spin Puzzle The STAR Experiment Inclusive Jets Inclusive Hadrons Ci Webb AGS/RH|C 2008

I Inclusive Jet Asymmetries (2006) I

A , systematics (x 10 -3)
A, [ 4 2006 STAR Preliminary Reconstruction + [-1,+3]
0_1:—GRSV-Std e . F
. gzgxﬁg:g . - Tl’lgger Bias (pT dep)}

008 — SLVA9 o Non-longitudinal ~0.03

006 e ) Polarization (py dep)

0.04— /-/ — 1 Relative Luminosity 0.94

o-ozgv %’ ............

o ___i.#/l J + R A Backgrounds 1tbin  ~0.5
. ' all others ~ 0.1
-0.02— Online polarization
"1[0""1I5""2|o""2|5""3|0""3|5' ' stystematic +6.7%
P; (GeV/c)
The 2006 results are a significant improvement 2 1E :' EZZZ 2122 Z.'m,y |
over the 2005 measurement: ° Cbooogy D
> Full BEMC . o
- Jet finder extends into EEMC E °
~ Cone radius enlarged to 0.7 A
- Increases in luminosity and polarization 107 * %
- RSV DI

Statistical uncertainties are 3x-4x smaller for I I A >|
high pT (pT > 13 GeV). -7 % "| :»1
The 2006 jet asymmetries provide significant ol L L 1 . TR o
newasi2Bints on Ag. Ming Xiong L ) e "Ag(Q2=0.4Gev?)




The Spin Puzzle The STAR Experiment Inclusive Jets Inclusive Hadrons Ci Webb AGS/RH|C 2008

I Global Analysis -- DSSV I

RHIC pp data have recently been included,

B T T | T T T T T T T I T |
- @ STAR 2005 J; 7
: : . . 0.05
along with polarized DIS and semi-inclusive A4 STAR (prel) 2006 .
DIS data, in a global fit to the polarized [ S i S - _,4?——%*’* :
df . ALLO (05 " T —— .
pats. D. de Florian, et al., ARXIV:0804.0422 h DSy T ;
0.05 DSSV ij=12 -
VAR T T T UITT UL 03 :| . lDSIS\]élixjfx:z% | | | | | | 1:
L § - )
L XAg Soﬂ'gra. - 10 20 30
- Ints . p [GCV]
: ey 02 T
i T AN
- ot 0 11 4 01 v? distribution as Ag is varied w/in x-range constrained by
e Ny the RHIC data. The STAR inclusive jet results provide
- M N I significant constraints on Ag.
E .: E B T T T T | T T T | T 1L T T T T | T T T | T i
— :' - -0.1 410 all data sets 1 — PHENIX <115
- — — GRSV max. Ag - . -\ x-range: 0.05-0.2 1r - SE)AIIS{ i AX?
:_.1‘ .1(1}:1R;$1-’:‘r mll:l fignlllll 1 1:1 111:_- -02 405 :_ _::_ _: 10
2 -1 - 1L i
10 10 X 400 r i
- - 13
It is interesting to note that the best fit has 33 ()‘:f ® ]
a zero-crossing at x = 0.1. Over the next - A | i
few years, STAR's emphasis will shift to -0.2 0 0.2 : 2
. . . 1,[ 0.05-0.2] 1,[0.05-0.2]
dijet and gamma+jet measurements, which Ag Ag

will map out the x-dependence of Ag.
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Advertisement for Other Long. > A5 RAIE 2008

[ J/Psi: |y| =1.2:2.4 -Spin correlated transverse
0.15 .
- PHENIX Preliminary(Run6 + Run5) momentum (OAM) may contribute
04 to jet k; (Meng Ta-chung et al.,
- Phys. Rev. D40, 1989)
0.05— | oS ANL -Calculate helicity asymmetry of
L oS AL0 kt in di-hadron correlations
< 0: \ Bl ¥2 | ndf 1.347/5
C | Eﬁg?ge:.g.3552§31;68 034017 4r — p0 0.6719 + 0.3874
-0.051 JIPsi -> [ PH “ENIX Preliminary
- . L=8 pb™!, Pol=50-60% 2
01— m Sys. Err. 3 E Run_5
E (Scal. Uncer. 40% Not Shown) ;:: 2 il
_0.150_llll|1l|llzlllIl3|lI[I4[IIlléllllél]lI7IIIII8!|l|19|l|ll10 (§ E_ % .
PT t\;\'_ 1: ; [ ) I
J /¥ production connected to = o1 ‘
heavy flavor production B |
A
1—&>- -
&m -
2
= | | | Ll Ll | |
4 5 6 7 8 9 10
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New Probes @RHIC: AG

 Polarized hadron collisions
— double longitudinal spin asymmetry

ALL =

dAo*

O

++

AP (x, .00 ® A (x,,07) ®

dt

— leading-order gluon interactions
 direct-photon production

proton beam_%
2> or < o

= =

Versus

* heavy-flavor production - -
 Other channels (light hadrons etc.) ) }’¢ }[
proton beam
gIUOR™ Zore Z,gluon
heavy flavor hoton
|UQRes
2 or<

2 or<

proton beam
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Heavy Quark Production @RHIC

Gluon Fusion

» Sensitive to gluon polarization: AG(x)

» Gluon Fusion dominates at LO

PYTHIA estimate: GeV | Charm  Beauty
200 95:5 85:15
_ B __ 500 ‘ 97:3 92:8
o(gg —> 00):0(gq —= 0Q)
Double spin asymmetry:
A AG(xl) AG(x,) 58—00
LL LL
G(x)) G(xz) 2"k
— AACO3 os i\\\
Decay modes: =+ GRSV -

0.0

ete, utuw, eu, ex, ux

0 T
bbee‘l/{ 0.5 —
xAg(x) Y—uu

1 — :

0.001 001 01 e S

(¥661) 28 +427'5AYd "14au1qoy ¥ Jaul|JD)
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Prompt Photon Production .

X

jet

.’«( L.‘ .

direct
photon

Quark-Gluon Compton
scattering dominates
(—=75%) direct y production

| L

T T T T T T T T T T T

0.8 direct y production
i qg
06 |
04 |
02 F qqt+gg~
0 I T RS S |
5 10

The cross section asymmetry A, for p+p —y+jet + X (at Leading Order):

ALL =

Direct measurement of gluon polarization

A golden channel:

parton kinematics reconstructed from  °°
photon and jet measurements:

X aLL(gq g CIY)

J

0,, -0, _|Ag(x,) eriqui(xq) )
0. +0_ |9(X)|  Sefa(x,)
A — =Ajlp b

known from pol. DIS

1 v

Y :
calculable in pQCD,
scale ~ p;2 of y

N A p proton
r © "HERMES low-x preliminary
- +» HERMES

e Jﬂ

0.8

0.75 |
05 [

0.25




The 20-year Old Proton Spin Puzzle

The proton is viewed as being a "bag" of
bound quarks and gluons interacting via QCD

Spins + orbital angular momentum need
to give the observed spin 1/2 of proton

1 1

=2Aq+Lf4+A(-‘~+L;

2 v

Fairly well measured
only ~30% of spin
Beginning to be measured
at RHIC A future challenge
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Flavor Identified Quark Polarization & Asymmetry

e Nucleon 1s a complex system
e Sea quarks and gluons correlated

Au(x), Ad(X)...
AT (x), Ad (X)...

virtual
pion

Drell-Yan
process
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Pion Cloud Model and the
Orbital Angular Momentum?!

Extra dbar in proton g.s.

Sea Quarks Carry Major Orbital Angular Momentum Component?
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Evidence of Pion Cloud?

pN — ptu~X Towell et al., Phys.Rev. D64 (2001) 052002
N (target)
Opy X Z €2 g ()i (we) + Gi(@) i ()] ° 1— |
5Pd 1 [ ci(:l:‘t)] 0.5; FermilLab/E866
~ — |1+ — = 4
20-pp iEb>>CUt 2 U(th) 0'255_ S‘):s‘lcmalic‘[;i_r’rBr
Sea Asymmetry from Drell-Yan Processes
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Sea Quark Polarization and Nucleon Structure

AAC Hirai et al PRD (2004)

]
.....

1 ]

e Pioncloud model:  Temie | T
AT -Ad =0 : ¥, (x) ! |
. . e xAg(x)
e Chiral soliton model: &&= i+——0r
AU — ACT ~ N C (LT — a ) xAd_ (x) ';_,= ué lllllllllllll
R - ':rfrl z -MIE
i;l -1|.||3§ .'.'éﬁ[.‘-')
Y T T T v PIA TR
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“OLD” - Flavor Decomposition @SIDIS

Are the light—quark polarizations in the proton sea large and
asymmetric?

Unpolarized experiments, like e.g. NMC, E866/NuSea, have shov!n a

strong breaking of SU(2) symmetry in the antiquark sea, with: d (x)/u (x) =1
® Semi-inclusive polarized DIS — sensitivity reduced by fragmentation functions and
eq2 weighting

B. Dressler et al. Predictions

(Ep)/
0.6 ( ) 1 1 T rrrn 0.6 (b 1 1 T rrrri 1 Iél
(E, p) | (@ L (b)
e 4 Afll+ Aflz_ i
v 04 04 i s |
| wsue | msme e
‘ o HERMES ® HERMES .
0.2 - 1 0.2 i
Ati=Ad _| T
0 -t 0 F===---F-—-AU=0al
0.01 0.1 0.5 0.01 0.1 0.5
X X
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“New"- W= Production and A, @500GeV
= }:" B Bunce G. et al, hep-ph/0007218

Versus 1.0

o N - RHIC pp Vs = 500 GeV
- }" B = | Jrar= 800 pb? .
, ¢ A (W
W+ Production . P AW > -
M 0.5 - .

b - 2 ag2 \\/ ]
Q= My \
ha d : A
________ | - GS95LO(A) \
~ - BS(Ag=0) \
Y 10 10
v X

OR0195 T.I.
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Part II: Test QCD Based Models
with Single Spin Asymmetry

e SSA
— Collins function

— Sivers function
— High twist

« Particle production mechanism
— J/Psi and open heavy quarks
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Thanks to F. Yuan

What' s Single Spin Asymmetry?

X . :> Final state particle is

Azimuthal symmetric

vl
%{ D dox S| - (PxK))
Single Transverse Spin
Asymmetry (SSA)

—————————————————————————————————————————————

T L L—-R
> O/' //// AN —
L+R

______________________________________________
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Single Transverse Spin Asymmetry

e SSAis suppressed in naive <"
parton models (~osm,/Q)

e Large SSAs have been

observed at forward rapidities

In hadronic reactions

06/2008

-0.2

-0.4

-0.6

Ming Xiong Liu

pp+Pp— 1T+ X (W=19.4GeV)
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=
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LEGEND A 2
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e 7°(p,>0.5GeV/c) S
A T (p;>0.7GeV/c) B

|
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Transverse Momentum Dependent PDFs and A

Sivers mechanism: Correlation Collins mechanism: Transversity
between nucleon spin and parton k; (quark polarization) * asymmetry in the
Phys Rev D41 (1990) 83; 43 (1991) 261 jet fragmentation Nyl Phys B396 (1993) 161
Sp
Sp

Orbital Angular Momentun?
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Large asymmetries persist at high v's

Examples:
Vs =20 GeV

p, +p—m + X, Vs =20 GeV
p;=0.5-2.0 GeV/c

Vs = 62 GeV

p, +p—mt+ X, Vs =62 GeV

Gordon AGS/RHIC 2008

Vs =200 GeV

p, +p—a®+ X, Vs =200 GeV

I DL B B
0.4~ ] 04 :_ ﬂf.2-3003° g @ 1°mesons
% r T B2.5°0%° "‘ ﬁ 04l O Total energy T
L g = 1 = — Colli
¢ 02F _ u% Bz |- sivers T
0.2 o P — - ¢ s o> |~ Initial state twist-3 _ ‘
5 % X 2 0 r + j = 8 B = - — Final state twist-3 L
L 4 L £ 0.2 4
b 4 - 5 N = -
= L ——— 744 et
<t Osx é 02 R~ §, { /,jE“' /,/-/
I o 1 - ] < I e
04 + 0.0
__0 2 S @ —— oo o by by by by by gy | 1
: at=0 $ 06 04 0.2 0 02 04 06 1
E %=x % 7 xF pp= 1.0 1.1 1.3 1.5 1.8 21 24 GeVic
—0.4 |- 7 =0 — Arsene et al. (BRAHMS), submitted to Phys. 0% 0.2 0.4 0.6 x0-8
L | A | Rev. Lett. [arXiv:nucl-ex/0801.1078] F

0 0.204 0.6 0.8 RHIC, Brahms, 2007

Xgp (STAR) Phys. Rev. Lett. 92 (2004) 171801
0% E704, Phys.Lett. B261 (1991) 201.
n*-: E704, Phys.Lett. B264 (1991) 462.

Fermilab, Fixed target, E704, 1991 RHIC, STAR, 2004

Non-Perturbative cross section > Perturbative cross section
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..but rising P+ dependence is not predicted by the si.

; éN p+p —> m°+X at vs=200 GeV
'01 e Admixture of Collins
| and Sivers?
0.05 } _oE & 8 ¢ «— X >04
e % °°e o 3 Current data can extend
e A I B T P, reach of measurements
p;, GeV/c
B.I. Abelev et al. (STAR) [arXiv:hep-
ex/0801.2990v1], ), submitted to PRL
Ay p+p — n°+X at vs=200 GeV
0.08 - <xe>»=0.28 B <xe>»=0.32
"7 |_» FPD data [ e Sivers (E704 fit)
S I A
Oo - ?‘r.__(‘__-.i:_._._:_.'__._-_:g.:::__I‘_—._-T-_-T-_.___;_____
Data broken 0.081- <x>—=0.37 B
outin X, —» = _
bins 0.041- v 2.t T
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0.1
0.06

0.024~

T T T T
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New Probes at RHIC

H.Liu AGS/RHIC 2008
PH-“ENIX

Heavy flavor A at forward rapidity with muon spectrometers

Why heavy flavor?

 Eliminate Collins’ effects

* heavy flavor production dominated by
gluon gluon fusion at RHIC energy

Pythia 6.1 simulation

CC: gg—cC 95%
bb: gg—bb 85%

* gluon has zero transversity

« A perfect channel for gluon Sivers

function

observed large Ay at large x.

06/2008

Important to understand the origin of

Ming Xiong Liu

Gluon Fusion

O =¢corb
hoa 2]
g i}
[
! o
he
Jip
hoa 3
8
—_— 8
hr 0H01/95 T.I
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=z -
<Lo.14f
012F sy

015 1.7 pb™, Pol=56%

0.08

0.06f

H.Liu AGS/RHIC 2008

Rough estimate at RHIC

0.041

PHENIX Preliminary (Run6)

E <p_>=1.6GeVic
T

-0.041
s
0.4

F Bl Sys. Err

scale uncertainty of 20% not included
ol b e L

L1
0.3 0.2

-0 0.1 0.2 0.3 0.4

An

00351

Assume:

--Gluon Sivers function ~ 0.5 x(1-x) times unpolarized
gluon distribution (expect large-x and small-x
suppression of the Sivers function as compared to the

unpolarized one)

-- 30% J/¥Y comes fromy, feeddown

0.030 |-

0025

0.020

At RHIC, color-octet dominate
the production cross section

30%-40% J/V¥Y comes from V'
and X, feeddown

06/2008

0015

0.010

0.005

'___'-’_/_/

/

4 Rough estimation by Feng Yuan

XF -0.1
Ming Xiong Liu
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H.Liu AGS/RHIC 2008

Anselmino’s prediction on open charm A,

Inclusive D meson production at RHIC energy

Max. gluon contribution

=0.3
~ < T
\\ Ecm=200 GeV " PH “ENIX Preliminary(Run6)
0.3 . T : : i
\ 0 02[

'1 L

0.25 | 2 ! I
‘.-'.‘_‘..- ------- . '-.’.'-'..'- 0.1__

02 | Sl e I
7 \ o }

4

0.05 | ] | p+p—ou +X atys=200 GeV
3 0.2~ Forward rapidity, 1.4 <1 < 1.9

0.15

I’A‘Nlmax

01} 7

e AT e - BN sys. Err.

Qonss ==t [ (Scale U inty 5% Not Sh
/1 2 3 4 5 _03_| I(Ilc|a| Ielllr‘lclelr;tlalll;‘ltbl'lslf:)II'IoltlI|I°I“Tr|‘. IIII|IIII|IIII
"0 05 1 15 2 25 3 35 4 45 5

Max. quark contribution pT(u')(GeWc)
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H.Liu AGS/RHIC 2008

Ay VS. Xp

<03 S~ -
ﬂ.zsf_PH//Ele Prellmlnary(Runs) 0-3 S A L L L B L L B BRI
E pHpop+X atVs=200 GeV . Vs = 200 GeV
0.2 14<pm <19 g ) o5 [Anselmino et. al. pr=1.5GeVic -
- 1<p_(n) < 5GeVic = - PRD70(2004)074025
0.151 T < L Maximum gluon contribution
- [ Maximum quark contribution,* ]
0.4 0.2 B :
0.5/ ‘ . 0.15 F ]
-G; I ' E
-0.05F I ' 01F -
C - /
C B !
A - ]
N - (p) (1) =2.4,1.4,1.4,2.4 0.05 T ’
0.15F W sys. Err. o~ - (b)
C (Scale Uncertainty 5% Not Shown) 0 P B ol s S oo il SN PRI BN
Y S T Y 0.8 -0.6 04 -02 0 0.2 0.4 0.6 0.8
Xg() XE

-- Qualitative conclusion: Data constrain the gluon Sivers function to be significantly
smaller than the maximal allowed

-- Translation between D meson and muon kinematics and estimate of charm vs.
bottom components underway (next slide)

06/2008 Ming Xiong Liu 49



Remarkable experimental progress in QCD
spin physics in the last 20 years, and more

years to come!
 Inclusive spin-dependent DIS
— EMC, SMC, COMPASS
— E142,E143,E154,E156
— HERMES
— Jlab-Hall A, B(CLAS)
e Semi-inclusive DIS
— SMC, COMPASS
— HERMES
« Polarized pp collisions
— RHIC
« PHENIX & STAR

06/2008 Ming Xiong Liu




Outlook of RHIC-SPIN

e Gluon polarization @200GeV
—50pb1 2009

o W-program @500GeV
—100pbl ~2012
— 300pbt

 Future DY @200GeV
— 250pht  -2014

06/2008 Ming Xiong Liu
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S. Vigdor AGS/RHICO08
A Long Term (Evolving) Strategic View for RHIC

2008 2010 2015 2020

#MLV_WM | Ij>
\ J\

]
_D.ete_cto.r Lﬂ;rgdes: $35M N A Y eRHIC physics

| EBIS|' $20M RHIC-II science by- Opportunity for up-
T + passing RHIC-Il project grade or 15t EIC stage EIC = Electron-
Luminosity upgrade: $10M lon Collider;
oA eRHIC: ~§750M [FY0T$) eRHIC = BNL
stoch. cooling or lon beams [ ——" & rea|lzatI0n by
l CDO e beam + new detector adding e beam
------- ¢ to RHIC

Further luminosity

LHC Hi starts | UParades (pp. low-E)

-------- R&D
. Construction
_——— — Multiple small projects

CDO0: DOE Critical Decision, mission need

RHIC RHIC-II, LHC-HI and EIC
science share a common theme...
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Summary and Outlook

Very rich physics program with polarized beams at RHIC

— Spin Puzzle
» Polarized gluon distribution
» Flavor-identified polarized quark distributions

— Excellent QCD test ground with polarized partons

Latest news from RHIQ-§ In;
— Light hadrons: T, ’%’A’

— Heavy quarks:  J/Psi, open charm ...

— Explore orbital angular momentum: di-jet correlation etc.

Where does the nucleon get its spin?
— Still don’t know ... but RHIC-SPIN will help us to find the answer
— and we will learn a lot more about the nature of strong interactions

06/2008 Ming Xiong Liu
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Backup

Ming Xiong Liu
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Very Forward Neutron @PHENIX

~1800cm
O - #* O {10cm

blue beam yellowbeam p magnet  +3 mrad

position measurement

| -
: K/vith scintillators /

r,

; M‘ir‘ﬁ Xiong Liu 55
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Run5: Forward Neutrons Asymmetry

Neutron asymmetry x; distribution with neutron trigger & MinBias

Z -
< = .- Scaling error of 20%
01f- PHENIX preliminary ' ot included.

PH ENIX Statistical error is correlated

0.05 due to unfolding.
L Run-5

-0.05

0.03x.<p;<0.22x. (GeV/c)

-0.1

llIllllIIIIIIlllllllllllllllllllllllll
-08 06 -04 -02 -0 02 04 06 038 1

—‘IIIIIIIIIII

Weak X dependence observed
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Why such large neutron asymmetries?

A\ Is produced via interference of spin
non-flip and spin-flip amplitudes
In Regge theory

-- A spin non-flip amplitude contribution can \.E X
I
bt
|
.

Eur.Phys.J.A7:109-119,2000

be described due to Reggeon and
Pomeron exchange

-- We need spin-flip amplitude —> one pion
exchange amplitude

One pion exchange model (OPE) may g [ teeoneRi—02cev?

oS T cov-Regge Rg =0.05 GeV™>
explain the result O F oo shmenpe

-- OPE has been used to describe exclusive
diffractive neutron production

-- The cross-section at ISR is well described
by spin-flip OPE 5

E,d’c/d’p, (mb/GeV?)
(3]
(=]

[ pp—>nX p=0 s =53 GeV
L A L A L A L

0.6 0.7 0.8 0.9 1

XE
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Neutron A

e Square-root formula

Area definition to calculating phi angle I
[

1]
o
o |
>

AL

n 10,-0,  1YNNg —yN(Ng
- _
Po, +o, P\/NENé+VN&NRT

Forward Neutron Asymmetry ¢ distribution ZDCN|S trigger

< | L ~—
| PHENIX prelimina
) P Y PH ENIX
i neutron
0.05|-
o
0051 A, = -0.066 + 0.006
-0.1neutron energy Scaling error of 20%
pbove 40 GeV, | isnotjincluded. =~
15 4 05 0 05 1 15
Without Minbias ¢ (rad)

Xion

P~48% T I k _

. M PR B
6 -4 -2 0

6
Xpos

Forward Neutron Asymmetry ¢ distribution Minbias&(ZDCHN[S) trigger

":I:z = . . v
[ PHENIX prelimina
o1 g Y PH ENIX
i charged ron
i %rtyes neu
0.05|-
i X A
. AR
I LARGE!!
0051 A, = -0.083 + 0.004
-0.1neutron energy Scaling error of 20%
‘above 40 GeV, |, Jsnotjincluded. = ,

45 1 05 0 0.5 1 1.5
With Minbias o (rad)



H.Liu AGS/RHIC 2008

Theoretical effort on open charm single spin

asymmetries

G.D. Zacarias et. al., EPJC 51(2007)619

« Two component model (has been used to describe the
production asymmetry of charm productions successfully)

D
dO'D dUD + derag

rec

dx.dp, dx.dp,  dx.dp,

-- Recombination process: a quark from the sea joins a valence quark in

the initial state

D°:uc D :dc

-- Fragmentation process: assume particles created by the
fragmentation process lose information about the spin polarization of
the proton in the initial state

06/2008

do’?rag do’ilrag
dxcdp,  dx.dp;

Ming Xiong Liu
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H.Liu AGS/RHIC 2008

Anselmino’s prediction

Prediction of

0.25
0.2 —/ -
.
015
0.1 -
D
0.05 |- T ——
.—'Z 7
-0.05 F -
D
—0.1 [ Maive Model of Transversity
Ciguaork Made
0.16 | s Melosh—Wigner Model
Anselmino Model {a)
—-0.72 - Anselmino Model (b)
0.2<p.<2.0 GeV/fe
—0.75 lyey co e v by s by swy bew e bev s buwp ol yuay
70 0.1 0.2 03 04 05 068 0.7 0.8 09 1
Xe

Fig. 6. Comparison of the single spin asymmetries obtained
with the model presented here (solid, dash and dotted curves)
with those obtained by Anselmino et al. [19] (solid in the upper
part and dot dashed curve)

06/2008
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component model

Prediction:
D°(uc), D (dt)
D°(tc), D*(dc)
Signal: Y-

z0.30—
< F v

= PH- ENIX Preliminary(Run6)
E prpop+X at\s=200 GeV

0.2 14<p<19

0.1 5; 1< p_r(p') < 5GeVic

0.4F

o.osg— } .
b

(p) (1) =24,14,14,2.4

- Sizable A
> A=0

0.25

.05
s

_0 15i | Sys. Err.
E (Scale Uncertainty 5% Not Shown)

93 02 o1 0 od 02 03
Xg(W)
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MuTr LL1 trigger

Nose Cone_
Calorimeter

<

0@ .
' uon

Spectrometer

Forward
Silicon
Tracker

Forward (Nosecone)

W-$i Calorimeters

06/2008

PHENIX forward upgrade

beam pipe

RPC LL1 trigger
(NSF proposal)

Achieved enough trigger rejection
5(¢) deg

rejection

<0.7 <1.0 <2.0

36000 [ 19980 | 10090

sincrease of pion rejection via isolation
cut

» possible background rejection via
reconstructing W transverse mass.

* possible improve of momentum
resolution with well defined determined

Ming Xion\éq_ril:FX' 61



HOW |t WOrkS ’) 0.01 < |t| < 0.02 (GeV/c)? | cattered

o<~ proton
. " |
polarized - 5
beam "HLTO t= (Pout = Pin)* <0
1 Nt = Niigne |
P, = - S Y Carbon \\ ~ Tyin - 2 Mc
Ay N+ Nright target ‘\o
recoill
Polarimetry: Carbon

Requires large F.0.M: AN2 X rate for fast measurement
(not at any price however, i.e. by increasing the rates)
small Ay ~ 1 % (far from ideal !)
= requires large statistics > 10, for d Pg ~ few %
however too large rates (i.e. thick target, detector area, etc.)
=> occupancy and pileup
= very difficult operation
=> corrections to measured asymmetries
=> larger systematic uncertainty

Absolute calibration = Polarized Gas Jet target
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Setup for pC scattering — the
® =n RHIC polarimetpisss

direction

Ultra thin Carbon

ribbon Target
(3.5ug/cm?, 10um wide)

y T
‘ - ’/’m/ — ( . = .
| N K
&
AN
8

Si strip detectors k
3 (TOF, EC) | Beam direction
< — >~
36cm —— || all Si strips
parallel to beam

RHIC x 2 rings

" recoil carbon ions detected with Silicon strip detectors
¥ 2 x 72 channels read out with WFD (increased acceptance by 2)
- very large statistics per measurement (~ 20 x 100 events) allows detailed analysis

— bunch by bunch analysis
— channel by channel (each channel is an “independent polarimeie:”)

— 45° detectors. sensitive to vertical and radial components of P,

— unphysical asymmetries
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Twist-3 correlation functions and Ay

N\
G(X(,X,) : quark-gluon E(z,,z,) : quark-gluon
correlation at initial state correlation at final state

How those two mechanisms connected ?

do/dq, 4
>
>
| qr<<Q -

i —>
062008 e Agep << gpgxenddiv Q Ar 64




Gluon Polarization Measurements: (SI1)DIS

e Semi-inclusive DIS
— HERMES @ DESY

COMPASS 02-03: high p,;, Q% > 1 (GeV/c)?
COMPASS projection 02-04: high p,, all Q
COMPASS projection 02-04: open charm

SMC high p; (Q* > 1 (GeV/c)?)
HERMES high p; (all Q%)

GSA (LO)
GSB (LO)
GSC (LO)
at Q%=2 GeV?

O o
* high-p; hadron pairs S o
~ SMC @ CERN Sl
* high-p; hadron pairs 06 v
— COMPASS @ CERN -
* high-p; hadron pairs
» open charm 0.2
0
lepton beam / [
> or & 1 ) -0.2 ——
QgVheavy fJavor 04 [
6 i
-2 or & luon 06 |
nucleon Target > 10
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